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Abstract 
Relative humidity fluctuations tend to influence atmospheric corrosion under natural 
exposure conditions. In this study, the effect of change in relative humidity on pitting 
corrosion of stainless steel under MgCl2 droplets is investigated with in situ X-ray 
microtomography and optical microscopy. Relative humidity fluctuations (between 33% RH 
and 85% RH or between 33% RH and 12% RH) tend to lead to nucleation of many small pits 
whereas continuous exposure at constant 33% RH leads to growth of a single pit. This 
indicates that natural fluctuations in relative humidity might be beneficial for preventing the 
growth of a large penetrating pit. 
Keywords: Atmospheric pitting corrosion, Wet-dry cycling, Stainless steel, X-ray 
microtomography 
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1 Introduction 
In the UK, stainless steel containers (304L or 316L) are used for storing intermediate level 
nuclear waste (ILW). The containers are intended to be disposed in a geological disposal 
facility (GDF), but such a facility is not available yet. In the meantime, the ILW containers 
will be placed above ground for a number of decades. The integrity of the containers must 
therefore be ensured [1-4]. However, atmospheric pitting corrosion can take place on these 
containers when there is aerosol deposition of salt particles on the metal surface and the 
relative humidity (RH) reaches the deliquescence point of the salt [5]. These pits can then 
lead to atmospherically-induced stress corrosion cracking, which could lead to structural 
failure when the containers are moved to their final storage site [6]. MgCl2 is commonly used 
in lab-based atmospheric corrosion tests of stainless steel [7] [8] [9] [10] as it is a common 
constituent in marine aerosols with a low deliquescence relative humidity (DRH, 33%), 
making it more likely to cause pitting than NaCl droplets (high DRH, 75%).  
Measurements of temperature and RH in a typical store over 2 years indicated that the RH 
generally fluctuates between 30% RH and 90% RH, and the temperature varies between 0 
and 30 ºC [1]. However, research on atmospheric pitting corrosion of stainless steel has 
generally focused on constant conditions of RH [2] [9, 11] [12] [10] [13]. Studies on the 
effect of RH variations have been limited to corrosion current or potential monitoring [7, 14-
18] [19]. However, the current or potential response only gives the overall corrosion 
behaviour of the sample tested. It does not indicate whether the response is caused by growth 
of individual pits or initiation of new pits during RH fluctuations. Growth of a single pit 
means that large pits can form, which might be more likely to lead to atmospherically-
induced stress corrosion cracking, while new pit initiation is of much less concern since a 
large population of small pits is less likely to lead to cracks [20]. The critical RH for pit 
repassivation of 304 was reported to be 70-75% [14] and 56%-70% [19]. Hence stable pits 
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grown at an aggressive condition were expected to repassivate when RH was changed to a 
high value, greater than 75%. Traditionally, pits were expected to repassivate when the 
exposure RH was far below the deliquescence point of the corresponding salts. 
Dehumidification system might be used to avoid localized corrosion in the storage of ILW 
containers [5]. However, Schindelholz and et al. [21] [22] recently showed that corrosion of 
carbon steel was observed under MgCl2 at 11% RH and under NaCl deposits at 33% RH. 
In this study, atmospheric pitting corrosion under droplets of MgCl2 was observed with the 
use of in situ optical microscopy on lab-based experiments and in situ synchrotron X-ray 
microtomography to study the effect of RH fluctuations.  
2 Experimental Method 
2.1 Material and sample preparation 
For studies in lab-based tests, 304L stainless steel sheets (3 mm in thickness, provided by 
Aperam) were cut into slices and the end grain surface was exposed. The sample, in the 
dimension of 3 mm × 2 cm, was then cold mounted. For studies in tomography tests, pin 
samples with 2 mm diameter were machined from the 304L sheet, with the rolling direction 
of the sheet parallel to the pin axis so that the top surface was the end grain of the sheet 
(Figure 1 [23]). The compositions of the 304L sheet is 18-19.5 wt% Cr, 8-10.5 wt% Ni, 2 wt% 
Mn, 0.75 wt% Si, 0.1 wt% N, 0.045 wt% P, 0.03 wt% C, 0.015 wt% S and Fe balance 
(provided by the supplier). The sheet had been cold rolled, solution treated (1040-1100 °C) 
and then cooled by forced air.  
2.2 Droplet deposition 
In both lab-based and tomography tests, specimens were ground with SiC papers to 600 grit 
and washed with de-ionised water (Millipore, > 15 MΩ.cm) and methanol. A droplet with 
volume of 1.1 µL of 0.4 M MgCl2 was deposited on the end grain metal surface. In lab-based 
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tests, the droplet diameter was 1.9 to 2.1 mm, giving a chloride deposition density (CDD) of 
900 to 1100 µg/cm2. In tomography tests, the droplet diameter was 2 mm, giving a CDD of 
1000 µg/cm2. The CDD value is higher than the store environment: up to ~100 µg/cm2 [5]. 
This was to provide an aggressive environment to study the effect of RH fluctuations.  
2.3 Relative humidity and temperature control 
For lab-based tests, after deposition of droplets, plates were put in a transparent desiccator, 
which contained saturated salt solutions and corresponding salts (Table 1 [24]) for RH 
control. 12% RH, 33% RH and 85% RH represent “dry”, “wet” and “wetter” conditions 
respectively. For tomography tests, silicone tubes were slipped over the pin where droplets 
were deposited. Filter paper soaked with saturated salt solutions was fitted into a silicone tube 
[20], and the sample was then sealed by an aluminium cap. The lab-based tests were carried 
out at 22 ± 2 ºC and synchrotron tomography tests were carried out at 21 ± 1 ºC. OMEGA 
OM-EL-USB-2-LCD and OMEGA OM-73 data loggers were used to monitor the RH and 
temperature in lab-based experiments.  
2.4 In situ lab-based corrosion tests 
Constant relative humidity at 33% RH 
In lab-based tests, specimens were exposed at constant 33% RH for 11 days as a controlled 
condition. 
One RH cycle 
Typically, samples were left at 33% RH (“wet”) for one day for pit initiation. Then the RH 
was changed either to 85% (“wetter”) or 12% (“dry”) for one day. Finally, the RH was 
changed to 33% for nine days to check whether re-growth of original pits or new pit initiation 
was favoured. To study the effect of pit size on the corrosion behaviour, specimens were 
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exposed at 33% RH for 21 days to initially grow a deep pit in the first period of a “wet-
wetter-wet cycle”. 
Multiple RH cycles 
To study the effect of a number of cycles on atmospheric pitting corrosion, tests of multiple 
RH cycles were carried out. The initial condition was 33% RH (“wet”), and this was followed 
by five cycles to either the “dry” or “wetter” condition for one day and then back to the “wet” 
condition for one day. 
At least seven droplets were studied at each condition. 
Droplets were examined with a Leica DFC 420 light optical microscope (OM) after the first 
33% RH exposure and at the end of the cycle. In this study, the width of a pit refers to the 
diameter of a circle which has the same area as the pit area. The depth of a pit refers to the 
greatest depth found among different parts of a pit and it was measured by OM by using the 
depth of focus. Note that the depth measured by OM might be under-estimation if some part 
of the pit is underneath overhanging metal. 
2.5 In situ synchrotron X-ray microtomography tests 
The design of the cell for synchrotron X-ray microtomography tests has been detailed 
previously [20] [25] and will not be repeated here. Samples were scanned regularly during 
RH cycles. The synchrotron tomography tests using monochromatic 70 keV X-rays were 
performed on the Beamline I12 at Diamond Light Source [26]. The pin sample was rotated 
and projections were collected at intervals 0.1° per step through 180°. The exposure time per 
projection used was 1.0 s with a pixel size of 1.8 µm. The total scan time per sample was 40-
45 minutes. Filtered back-projections algorithm was used during reconstruction. The 
tomography data was analysed by Fiji [27] for 2D visualization and characterisation of the pit, 
and Avizo software for 3D characterisation of the pit [25]. The area of the top surface of the 
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pit is defined as pit area in tomography. Pit width was calculated from the pit area, using the 
same definition mentioned above. The depth of the pit was measured from the pit mouth to 
the pit bottom. 
3 Results and discussion 
3.1 Number of pits after one day exposure at 33% RH 
In lab-based tests, after exposure of droplets on a 304L surface at 33% RH for one day, 
varying number of pits have been observed in each droplet. Figure 2(a) shows a typical 
droplet containing (b) one pit and Figure 2(c) shows another droplet containing (d) multiple 
pits after one day of exposure at 33% RH. Multiple pits (usually two or three) in lab-based 
experiments tend to be in clusters. This is consistent with previous work: after exposure at 33% 
RH, one single pit and a shallow dish region surrounded by satellite pits have both been 
reported in literature [9] [10] [13]. The difference in the pit number and morphology might be 
due to the difference in CDD, surface finish and microstructure of the specimens studied [25].  
In in situ X-ray microtomography experiments, single or multiple pits could both be observed 
after one day of exposure at 33% RH. However, the multiple pits were not close to each 
other, unlike the clusters of the multiple pits in lab-based experiments (Figure 2(d)). The 
random position of the multiple pits raised a concern that there may be a beam damage effect 
[28] [29] [30].  
The number of pits under a droplet after exposure at 33% RH for one day is summarised in 
Table 2. In lab-based experiments, one single pit was the most frequent observation. It was 
also possible to observe multiple pits in clusters. In a few cases, there were no pits under one 
droplet. In no situation were there two or more pits occurring at a large distance from each 
other under the droplet. For tomography tests, multiple pits with random position were more 
frequently observed. 
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3.2 Corrosion behaviour at constant relative humidity at 33% RH 
If there is only one single pit under a droplet after one day of exposure at 33% RH, after 11 
days of exposure at 33% RH, the width of the pit can be greater. Figure 3 shows an example, 
where the width of the pit increased after exposure for 6 days and 11 days. There was no 
obvious change in the top part of the pit. It is likely that the top part has already repassivated. 
However, the bottom part was getting wider and wider with the increasing exposure time. 
Partial repassivation of the pit due to limited cathodic current available in atmospheric 
conditions has been observed by Street et al. [13] and Maier and Frankel [10]. If there was 
growth of the width of the single pit under a droplet, growth of the pit on only one side was 
generally observed. 
For droplets containing multiple pits after one day of exposure at 33% RH, growth of one of 
the multiple pits was frequently observed, as shown in Figure 4. Two pits were observed 
under the droplet after one day of exposure. There was no width change for the upper pit 
(highlighted with black dashed square) after 11 days of exposure. However, the width of the 
lower pit (highlighted with red dashed square) increased gradually during the exposure. Three 
droplets containing multiple pits under a droplet were examined part way through the 
exposure at 33% RH for 11 days. It was found that after six days of exposure, there was 
increase in the width of two pits. However, only one of the pits under each droplet showed 
further width change after 11 days of exposure. This observation might be due to the limited 
cathodic current available to support the anodic dissolution under droplets in atmospheric 
conditions [10] [13] [31]. Pits are only stable when the maximum cathodic current is greater 
than the minimum anodic current required to support pit growth. In atmospheric conditions, 
the maximum cathodic current is limited due to a limited droplet size. Therefore, there is a 
competition among the pits and only one tends to grow eventually. In immersed conditions in 
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dilute solutions, it has been reported that multiple pits initiate under potentiostatic conditions 
while only one or two pits survive under galvanostatic control [32].  
Table 3 gives a summary of the corrosion behaviour of the droplets exposed at constant 
33% RH in lab-based experiments. Although the number of pits under each droplet varied, 
growth of an original pit is most frequently observed and it is very uncommon to observe new 
pit initiation. For some droplets, there is neither obvious width change of the pit nor new pit 
initiation from one day of exposure to 11 days of exposure. The original pit may have 
repassivated or kept growing in depth. However, it is impossible to measure the depth of the 
pit in lab-based experiments. Therefore, pit growth is counted only when there is a width 
change. 
3.3 Corrosion behaviour under “wet-wetter-wet cycles” (33% + 85% + 33%) 
Figure 5 shows the typical behaviour of a droplet in which only one pit was found after 
exposure at 33% RH for one day. When the RH was increased to 85% for one day and then 
returned to 33% for nine days, one new pit was formed while there was no obvious width 
change in the original pit. Three droplets that contained one or more pits after one day 
exposure at 33% RH were examined after 85% RH exposure. For these three droplets, there 
were no newly initiated pits when RH was increased to 85%. However, there were always 
new pits when the RH was changed back to 33%. Furthermore, during the cycling, there was 
no obvious width change in the original pit that initiated after the first 33% RH exposure. 
This suggests that the original pit repassivated when the RH was increased to 85% RH and 
did not re-initiate when the RH was changed to 33%. This observation was consistent with 
previous literature: the RH for repassivation of a pit was reported to be 70% to 75% for 304 
(with a surface finish of 2000 grit) [14] and 56%-70% (surface polished with a 0.25 µm 
diamond suspension) [19]. 
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Mi [28] and Street [13] observed that for 304, the breakdown potential for pit initiation 
decreases with increasing chloride concentration in 0.05-5 M MgCl2. At room temperature, 
2 M MgCl2 is equivalent to 83% RH and 5 M MgCl2 is equivalent to 33% RH [33]. Therefore, 
new pit initiation was always observed when RH changed from 85% to 33% since the 
breakdown potential is more easily reached in concentrated solutions. Beom [15] observed 
that the current was greatest during the drying stage from 90% RH and 50 ºC to 30% RH and 
60 ºC in a study of stainless steel 409 and stainless steel 439 under CaCl2 electrolyte layers, 
although it couldn’t be determined whether the increase in current was caused by pit growth 
or new pit initiation. Tsutsumi [34] also reported pit initiation of 304 under MgCl2 solutions 
when RH changed from 95% to 25%.   
In lab-based tests, some samples were left at the initial 33% RH for 21 days, followed by 
exposure at 85% RH for one day and then exposure at 33% RH for seven days. New pit 
initiation could be observed at the end of the cycle. In addition, side growth of the original pit 
after a “wet-wetter-wet cycle” could be observed among some droplets. In Figure 6, after 
exposure at 33% RH for 21 days, one pit was observed. When the RH was increased to 85% 
for one day, there were no new pits and no obvious change in the original pit. After the final 
exposure at 33% RH for seven days, there was still no new pit initiation, but slight side 
growth of the original pit (highlighted with the red dashed square) could be observed. The pit 
was initially exposed at 33% RH for 21 days; therefore, the pit was expected to be deeper and 
wider [25] than the pit which was initially exposed at 33% RH for one day. It seems that the 
deep and wide pit may not have completely repassivated at 85% RH. For repassivation to 
take place, concentrations of metal ions inside the pit need to be lower than a critical value 
[35-37]. Compared with a shallow pit, a deep pit would require more time for metal ions to 
diffuse from the pit bottom to the pit mouth according to Fick’s 2nd Law. Furthermore, pit 
covers have been reported on top of long-time-exposure pits [25] [20], and can be observed 
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as a white layer above the pit (vertical sections in Figure 7). The covers would provide 
effective diffusion barriers to limit the escape of metal ions from the pit. Therefore, 
repassivation of a deep pit was more difficult than a shallow pit. 
Figure 7(a) shows horizontal and vertical sections of a tomogram of a pin sample. The left 
images show the pit found on the pin sample after exposure at 33% RH for 21 days, followed 
by exposure at 85% RH for one day. The pin sample was then exposed at 33% RH for one 
day, shown in the right images. The main part of the pit appeared to grow slightly in both 
width and depth. Figure 7(b) is a summary of the size change of the main part of the pit 
(excluding the deep fissure), during cycling. The deep fissure was related to the presence of 
ferrite in the studied samples [38]. It can be observed that there was a slight increase in the pit 
width and pit depth. Compared with exposure at 85% RH for one day, the pit volume has 
increased by ~30% of its volume at the end of the test. 
Table 4 is a summary of the corrosion behaviour of droplets after one “wet-wetter-wet cycle” 
in lab-based tests. It shows that if there were pits after exposure at 33% RH for one day, after 
one “wet-wetter-wet” cycle, the original pits did not show any growth while there was always 
new pit initiation. If the pits have been exposed at 33% RH for 21 days, after one cycle, 
growth of the original pit can be observed.  
3.4 Corrosion behaviour under “wet-dry-wet cycles” (33% + 12% + 33%) 
After a “wet-dry-wet cycle”, growth of the original pit could be observed at the end of the test  
(Figure 8). There was no obvious width change of the original pit after exposure at 33% RH 
and 12% RH. When the RH was changed back to 33% RH for nine days, there was a side 
growth of the original pit. This indicated that a pit might be able to survive at 12% RH, the 
dry condition. One reason why repassivation is difficult at 12% RH might be due to the low 
efflorescence relative humidity (ERH) of MgCl2 and FeCl3. Below ERH, water evaporates 
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from the salt solutions. The crystals on the metal surface at 12% RH (Figure 8) indicated that 
efflorescence process had started. The crystals can still be observed when the RH was 
changed to 33%. At room temperature, incomplete efflorescence of MgCl2 has been reported 
to be lower than 2% [39, 40]. Corrosion could be inhibited if there is insufficient water 
available to solvate metal ions [31]. However, since water might still be retained in the 
droplet at 12% RH due to the low ERH of MgCl2, pitting corrosion might not be inhibited 
completely. Incomplete repassivation of pits due to imperfect drying has been observed by 
Cruz [18] after immersion of a stainless steel sample in NaCl solutions and then drying at 67% 
RH (ERH of NaCl has been reported ~41 to 51% RH [40-45]). Another reason might be due 
to lack of sufficient water to form the passive film. At 85% RH, there is plenty of water 
available to form the oxide film. Thereby, compared with 85% RH, it would be more difficult 
for the pit to repassivate at 12%. 
After a “wet-dry-wet cycle”, initiation of one or two new pits could be observed for some 
droplets. Initation of new pits was observed when the RH was increased from 12% to 33% 
for the three dropelts which were checked after 12% RH. This indicated the importance of 
water. Increased water activity will enable solvation of metal ions with increasing RH from 
12% to 33% and therefore the increase in RH increases the dissolution of the metal. 
Consequently, new pits were commonly observed at 33% RH rather than 12% RH. 
Figure 9(a) shows a pit (imaged with tomography) which was exposed at 33% for 21 days, 
followed by a “wet-dry-wet cycle”. Compared with the size of the pit after exposure at 33% 
RH for 21 days, there was no obvious width and depth change of the pit after exposure at 12% 
RH for one day. However, when the RH was increased to 33% for one day, the depth and 
width of the pit both increased. Figure 9(b) is a summary of the size change of the pit shown 
in (a). After cycling, the volume of the pit has increased by ~15% of its size after exposure at 
33% RH for 21 days. In tomography tests, new pit initiation and growth of the original pit 
11 
 
can take place at the same time. Since these two behaviours were rarely observed at the same 
time in lab-based experiments, this may indicate a radiation damage effect. The interaction 
between an X-ray beam and water might affect the electrochemical processes and induce pit 
initiation [28] [30] [29]. Therefore, the tomography results should be analysed with caution, 
and need to be compared with ex situ observations. Nevertheless, the tomography results 
provide useful information on pit morphology in a 3D view and pit growth kinetics. 
Table 5 is a summary of the corrosion behaviour of the droplets after the “wet-dry-wet 
cycle”. In lab-based tests, growth of the original pit and new pit initiation could both be 
observed. However, in very few cases, growth of the original pit and new pit initiation were 
observed to take place under the same droplet. New pit initiation is more likely to take place 
under the droplets which contained one single pit after exposure at 33% RH for a day while 
growth of the original pit is more likely to take place under the droplets which contained 
multiple pits.  
3.5 Effect of number of cycles 
Figure 10 shows a typical droplet that was exposed at 33% RH for one day, followed by 
change of RH from 85% to 33% five times. The droplet was exposed at each RH for one day. 
During the cycling, there was no width change of the original pit (black dashed square) that 
initiated after the initial exposure at 33% RH. After five cycles, four new pits (red dashed 
square) were observed.  
In lab-based experiments, if there was only one pit under the droplet after the initial 33% RH 
exposure, no newly initiated pit was found to be both wider and deeper than the original pit. 
This might be due to the formation of corrosion products. Visible rust was observed after the 
tests. Corrosion products could increase the approach resistance of the droplet. Due to the 
ohmic losses, a smaller cathodic current would be available to support the growth of new pits 
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[31]. Thereby, the newly initiated pit appeared to be either smaller or shallower than the 
original pit. 
For the studied droplets, after five cycles, usually two to six new pits could be found and 
there was no width change of the original pit that initiated after the first day of exposure at 
33% RH.  
Similar multiple-cycle experiments were also carried out for the “wet-dry-wet cycles” and 
usually three to eight newly initiated pits could be observed after five cycles. Similar to the 
“wetter” cycle, the newly initiated pits were not both wider and deeper than the original pit.  
Table 6 is a summary of the droplets exposed for different RH sequences. The table shows 
that the possibility of initiation of new pits increases with increasing number of cycles.  
3.6 General discussion on atmospheric pitting corrosion  
It is well established that the controlling factor in pit stability is the need to sustain a 
sufficiently aggressive solution (concentrated acidic metal chloride) within the pit so that 
metal dissolution can continue. If the solution in any part of the pit is too dilute, then local 
passive film growth is favoured over metal dissolution. The criterion for pit stability is that 
the rate of metal ion production (metal dissolution rate) should be at least as great as the rate 
of metal ion escape from the pit via diffusion [46] [47] [48] [49]. Where the bulk solution is 
dilute, the solution concentration within the pit may be sufficiently dilute for local 
repassivation to take place, leading to the formation of pits in stainless steel with “lacy” 
covers [50] [51] [52] [53] [54] [55].  
In the present work, at 85% RH, the bulk solution is dilute enough (equivalent to 
1.9 M MgCl2) for stainless steel to passivate at the corrosion potential within the droplet.  
However at 33% RH, the corrosive bulk solution is concentrated enough (equivalent to 5 M 
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MgCl2) for stainless steel to pit (Figure 3 and Figure 4). This is consistent with previous work 
that the pitting potential decreased with increasing chloride [46] [56] [57] [13].  
After a “wet-wetter-wet” cycle, there was no width increase of the original pit that had 
initiated after the first 1-day 33% RH exposure (Figure 5), indicating that it had probably 
repassivated. During the 1-day of exposure at 85% RH (“wetter”), it is likely that the metal 
ions could diffuse away rapidly from the bottom of the relatively small pit, which could then 
fully repassivate. This is consistent with the observation that such pits did not grow further 
when the RH was reduced to 33%, but instead, new pits initiated. However, a pit that had 
grown initially at 33% RH for 21 days (rather than 1 day) would be much deeper. In this case, 
after increasing the RH to 85%, diffusion of metal ions out of the pit would take place more 
slowly than for a 1-day pit because of the greater pit depth. Thus a sufficiently concentrated 
solution could be maintained at the bottom of the deeper pit, which could continue growing 
throughout the 1 day at 85% RH, even though there may have been repassivation around the 
pit mouth. These pits could therefore continue to grow after the RH was reduced to 33% 
(Figure 6). 
At 12% RH (“dry”), much below the DRH of MgCl2, there was insufficient water in the bulk 
solution to form the passive film to repassivate the pit. Meanwhile, due to the low ERH and 
the likely presence of iron chlorides, the pit may remain wet and is able to grow further when 
the RH is increased to 33% (Figure 8 and Figure 9). However, some pits may dry out, leading 
to formation of new pits during cycling (Table 5).     
 
3.7 Implications for storage conditions for intermediate level nuclear waste containers 
The RH generally fluctuates between 30% and 90% in realistic conditions for the storage of 
ILW [1] while lab-based tests are usually performed under constant RH e.g. [9] [10] [13]. In 
the current study, it was found that a pit could keep growing throughout the 11-day constant 
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33% RH exposure while a shallow pit repassivated at 85% RH. Therefore, this indicates that 
the experiments carried out at constant RH probably represent a worse case than would be 
expected in waste stores. In addition, these results show that an increased number of RH 
fluctuations either to high RH or low RH leads to an increased number of small pits. This 
suggests that natural fluctuations are beneficial in that they lead to initiation of a larger 
population of small pits rather than growth of a large deep penetrating pit that might develop 
into a site for atmospherically-assisted stress corrosion cracking.  
It was also observed that a pit might survive exposure to 12% RH and keep growing when 
RH changed back to 33% RH. Therefore, dehumidification methods may not be effective in 
preventing localized corrosion as a pit might not repassivate completely even when RH was 
decreased to 12%.  
4 Conclusions 
The effect of fluctuations in relative humidity on atmospheric pitting corrosion of 304L under 
MgCl2 droplets was investigated. 
• It was found that after one day of exposure at 33% RH, generally either one pit or a 
cluster of pits are observed. After further exposure at a constant 33% RH for 10 days, 
growth of the original pit is generally observed. If a cluster of pits is present, only one of 
the pits is observed to grow continuously throughout the test.  
• A pit that has grown at 33% RH for one day will tend to repassivate when the RH is 
increased to 85% and a new pit will commonly be observed at a different site when the 
RH is returned to 33%. However, pits grown at 33% RH for 21 days may not repassivate 
at 85% RH and can continue to grow when RH is returned to 33%.  
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• A pit that has grown at 33% RH for one day or 21 days can continue to grow after one 
day at 12% RH if the RH is returned to 33%. Initiation of new pits can be observed when 
the RH changes from 12% to 33%. 
• Multiple RH fluctuations tend to lead to nucleation of many small pits whereas 
continuous exposure at constant 33% RH leads to growth of a single pit.  
• Natural fluctuations in RH might be beneficial in favouring initiation of a large 
population of small pits rather than leading to growth of a large penetrating pit. Tests 
carried out at constant RH in lab might lead to larger pits than would be expected in 
realistic conditions where there are RH fluctuations. 
Acknowledgements 
This work was supported by EPSRC grant EP/I036397/1. LG was funded by the University 
of Birmingham Postgraduate Elite Scholarship. We thank Diamond Light Source for access 
to Beamline I12 (ee8334) that contributed to the results presented here.  
References: 
[1] R.J. Winsley, N.R. Smart, B. Reddy, A.P. Rance, P.A.H. Fennell, 4 Meter Box 
Monitoring Programme - Final Report for the Period 2007-2010. Serco Report 
SERCO/TCS/006028.01/Issue 1, 2011. 
[2] A. Cook, C. Padovani, A.J. Davenport, Effect of Nitrate and Sulfate on Atmospheric 
Corrosion of 304L and 316L Stainless Steels, J. Electrochem. Soc., 164 (2017) C148-C163. 
[3] F. King, P. Robinson, C. Watson, J. Burrow, C. Padovani, ACSIS - A model to assess the 
potential for atmospheric corrosion of stainless steel ILW containers during interim storage 
and the operational phase of a UK geological disposal facility, in:  Proc. 2013 NACE 
Corrosion Conf., 2013, pp. paper 2717. 
[4] C. Padovani, Overview of UK research on the durability of container materials for 
radioactive wastes, Corros. Eng. Sci. Technol., 49 (2014) 402-409. 
[5] C. Padovani, R.J. Winsley, N.R. Smart, P.A.H. Fennell, C. Harris, K. Christie, Corrosion 
Control of Stainless Steels in Indoor Atmospheres-Practical Experience (Part 2), Corrosion, 
71 (2015) 646-666. 
[6] A.B. Cook, S.B. Lyon, N.P.C. Stevens, M. Gunther, G. McFiggans, R.C. Newman, D.L. 
Engelberg, Assessing the risk of under-deposit chloride-induced stress corrosion cracking in 
austenitic stainless steel nuclear waste containers, Corros. Eng. Sci. Technol., 49 (2014) 529-
534. 
16 
 
[7] C.Q. Cheng, L.I. Klinkenberg, Y. Ise, J. Zhao, E. Tada, A. Nishikata, Pitting corrosion of 
sensitised type 304 stainless steel under wet-dry cycling condition, Corrosion Sci., 118 (2017) 
217-226. 
[8] S.R. Street, A. Cook, H.B. Mohammed-Ali, T. Rayment, A.J. Davenport, The Effect of 
Deposition Conditions on Atmospheric Pitting Corrosion Location Under Evans Droplets on 
Type 304L Stainless Steel, Corrosion, 74 (2018) 520-529. 
[9] Y. Tsutsumi, A. Nishikata, T. Tsuru, Pitting corrosion mechanism of Type 304 stainless 
steel under a droplet of chloride solutions, Corrosion Sci., 49 (2007) 1394-1407. 
[10] B. Maier, G.S. Frankel, Pitting Corrosion of Bare Stainless Steel 304 under Chloride 
Solution Droplets, J. Electrochem. Soc., 157 (2010) C302-C312. 
[11] N. Mi, M. Ghahari, T. Rayment, A.J. Davenport, Use of inkjet printing to deposit 
magnesium chloride salt patterns for investigation of atmospheric corrosion of 304 stainless 
steel, Corrosion Sci., 53 (2011) 3114-3121. 
[12] E. Tada, G.S. Frankel, Effects of particulate silica coatings on localized corrosion 
behavior of AISI 304SS under atmospheric corrosion conditions, J. Electrochem. Soc., 154 
(2007) C318-C325. 
[13] S.R. Street, N. Mi, A. Cook, H.B. Mohammed-Ali, L.Y. Guo, T. Rayment, A.J. 
Davenport, Atmospheric pitting corrosion of 304L stainless steel: the role of highly 
concentrated chloride solutions, Faraday Discuss., 180 (2015) 251-265. 
[14] A. Nishikata, Nakamura, A. H., Nam, T.V.,Tada. E., Relative Humidity for Onsets of 
Pitting Corrosion and Repassivation of Stainless Steels under Wet-dry Cyclic Conditions 
Containing Chloride, in:  EUROCORR 2014, Pisa, Italy, 2014. 
[15] W.J. Beom, K.S. Yun, C.J. Park, H.J. Ryu, Y.H. Kim, Comparison of influences of NaCl 
and CaCl2 on the corrosion of 11% and 17% Cr ferritic stainless steels during cyclic 
corrosion test, Corrosion Sci., 52 (2010) 734-739. 
[16] A. Nishikata, Y. Yamashita, H. Katayama, T. Tsuru, A. Usami, K. Tanabe, H. Mabuchi, 
AN ELECTROCHEMICAL IMPEDANCE STUDY ON ATMOSPHERIC CORROSION 
OF STEELS IN A CYCLIC WET-DRY CONDITION, Corrosion Sci., 37 (1995) 2059-2069. 
[17] R.P.V. Cruz, A. Nishikata, T. Tsuru, AC impedance monitoring of pitting corrosion of 
stainless steel under a wet-dry cyclic condition in chloride-containing environment, 
Corrosion Sci., 38 (1996) 1397-1406. 
[18] R.P.V. Cruz, A. Nishikata, T. Tsuru, Pitting corrosion mechanism of stainless steels 
under wet-dry exposure in chloride-containing environments, Corrosion Sci., 40 (1998) 125-
139. 
[19] T.V. Nam, E. Tada, A. Nishikata, Pit Initiation and Repassivation of Stainless Steels 
Exposed to Cyclic Relative Humidity Changes, J. Electrochem. Soc., 162 (2015) C419-C425. 
[20] A.J. Davenport, L. Guo, N. Mi, H. Mohammed-Ali, M. Ghahari, S.R. Street, N.J. 
Laycock, T. Rayment, C. Reinhard, C. Padovani, D. Krouse, Mechanistic studies of 
atmospheric pitting corrosion of stainless steel for ILW containers, Corros. Eng. Sci. 
Technol., 49 (2014) 514-520. 
[21] E. Schindelholz, B.E. Risteen, R.G. Kelly, Effect of Relative Humidity on Corrosion of 
Steel under Sea Salt Aerosol Proxies, J. Electrochem. Soc., 161 (2014) C450-C459. 
[22] E. Schindelholz, B.E. Risteen, R.G. Kelly, Effect of Relative Humidity on Corrosion of 
Steel under Sea Salt Aerosol Proxies, J. Electrochem. Soc., 161 (2014) C460-C470. 
[23] H.B. Mohammed-Ali, Atmospheric Pitting Corrosion of Stainless Steel, PhD thesis,  
School of Metallurgy and Materials, University of Bimingham, 2016. 
[24] ASTM, E104-02, 1951 (2012) Standard Practice for Maintaining Constant Relative 
Humidity by Means of Aqueous Solutions, West Conshohocken, PA. 
[25] L. Guo, Atmospheric Localised Corrosion of Type 304 Austenitic Stainless Steels, PhD 
thesis, School of Metallurgy and Materials, University of Birmingham, 2015. 
17 
 
[26] M. Drakopoulos, T. Connolley, C. Reinhard, R. Atwood, O. Magdysyuk, N. Vo, M. Hart, 
L. Connor, B. Humphreys, G. Howell, S. Davies, T. Hill, G. Wilkin, U. Pedersen, A. Foster, 
N. De Maio, M. Basham, F.J. Yuan, K. Wanelik, I12: the Joint Engineering, Environment 
and Processing (JEEP) beamline at Diamond Light Source, Journal of Synchrotron Radiation, 
22 (2015) 828-838. 
[27] J. Schindelin, I. Arganda-Carreras, E. Frise, V. Kaynig, M. Longair, T. Pietzsch, S. 
Preibisch, C. Rueden, S. Saalfeld, B. Schmid, J.-Y. Tinevez, D.J. White, V. Hartenstein, K. 
Eliceiri, P. Tomancak, A. Cardona, Fiji: an open-source platform for biological-image 
analysis, Nature Methods, 9 (2012) 676-682. 
[28] N. Mi, Synchrotron X-ray Studies of Atmospheric Pitting Corrosion of Stainless Steel, 
PhD thesis, School of Metallurgy and Materials, University of Birmingham, 2013. 
[29] Z. Nagy, H. You, RADIOLYTIC EFFECTS ON THE IN-SITU INVESTIGATION OF 
BURIED INTERFACES WITH SYNCHROTRON X-RAY TECHNIQUES, J. Electroanal. 
Chem., 381 (1995) 275-279. 
[30] W. Xu, Synchrotron X-ray and Electrochemical Studies of Pitting Corrosion of Iron, 
PhD thesis, School of Metallurgy and Materials, University of Birmingham, 2014. 
[31] Z.Y. Chen, R.G. Kelly, Computational Modeling of Bounding Conditions for Pit Size on 
Stainless Steel in Atmospheric Environments, J. Electrochem. Soc., 157 (2010) C69-C78. 
[32] S.M. Ghahari, In situ Synchrotron X-Ray Characterisation and Modelling of Pitting 
Corrosion of Stainless Steel, PhD thesis, School of Metallurgy and Materials, University of 
Birmingham, 2012. 
[33] OLI systems, OLI Software: Stream Analyzer and ESP (Electrolyte Simulation Program), 
(2014, version 9.1.). 
[34] Y. Tsutsumi, A. Nishikata, T. Tsuru, Initial stage of pitting corrosion of type 304 
stainless steel under thin electrolyte layers containing chloride ions, J. Electrochem. Soc., 152 
(2005) B358-B363. 
[35] G.T. Gaudet, W.T. Mo, T.A. Hatton, J.W. Tester, J. Tilly, H.S. Isaacs, R.C. Newman, 
MASS-TRANSFER AND ELECTROCHEMICAL KINETIC INTERACTIONS IN 
LOCALIZED PITTING CORROSION, Aiche J., 32 (1986) 949-958. 
[36] U. Steinsmo, H.S. Isaacs, DISSOLUTION AND REPASSIVATION KINETICS OF FE-
CR ALLOYS IN PIT SOLUTIONS .1. EFFECT OF THE SURFACE SALT LAYER, J. 
Electrochem. Soc., 140 (1993) 643-653. 
[37] J. Enerhaug, U.M. Steinsmo, O. Grong, L.R. Hellevik, Dissolution and repassivation 
kinetics of a 12.3Cr-2.6Mo-6.5Ni super martensitic stainless steel - A comparative study, J. 
Electrochem. Soc., 149 (2002) B256-B264. 
[38] H.B. Mohammed-Ali, S.R. Street, M.M. Attallah, A.J. Davenport, Effect of 
Microstructure on the Morphology of Atmospheric Corrosion Pits in Type 304L Stainless 
Steel, Corrosion, 74 (2018) 1373-1384. 
[39] D.J. Cziczo, J.P.D. Abbatt, Infrared observations of the response of NaCl, MgCl2, 
NH4HSO4, and NH4NO3 aerosols to changes in relative humidity from 298 to 238 K, J. 
Phys. Chem. A, 104 (2000) 2038-2047. 
[40] E. Schindelholz, L.K. Tsui, R.G. Kelly, Hygroscopic Particle Behavior Studied by 
Interdigitated Array Microelectrode Impedance Sensors, J. Phys. Chem. A, 118 (2014) 167-
177. 
[41] D.J. Cziczo, J.B. Nowak, J.H. Hu, J.P.D. Abbatt, Infrared spectroscopy of model 
tropospheric aerosols as a function of relative humidity: Observation of deliquescence and 
crystallization, J. Geophys. Res.-Atmos., 102 (1997) 18843-18850. 
[42] Y.G. Gao, S.B. Chen, L.E. Yu, Efflorescence relative humidity of airborne sodium 
chloride particles: A theoretical investigation, Atmos. Environ., 41 (2007) 2019-2023. 
18 
 
[43] I.N. Tang, H.R. Munkelwitz, J.G. Davis, Aerosol growth studies—II. Preparation and 
growth measurements of monodisperse salt aerosols, Journal of Aerosol Science, 8 (1977) 
149-159. 
[44] D.D. Weis, G.E. Ewing, Water content and morphology of sodium chloride aerosol 
particles, Journal of Geophysical Research: Atmospheres, 104 (1999) 21275-21285. 
[45] M.E. Wise, G. Biskos, S.T. Martin, L.M. Russell, P.R. Buseck, Phase transitions of 
single salt particles studied using a transmission electron microscope with an environmental 
cell, Aerosol Sci. Technol., 39 (2005) 849-856. 
[46] J.R. Galvele, TRANSPORT PROCESSES AND MECHANISM OF PITTING OF 
METALS, J. Electrochem. Soc., 123 (1976) 464-474. 
[47] G.S. Frankel, L. Stockert, F. Hunkeler, H. Boehni, Metastable pitting of stainless steel, 
Corrosion, 43 (1987) 429-436. 
[48] P.C. Pistorius, G.T. Burstein, METASTABLE PITTING CORROSION OF 
STAINLESS-STEEL AND THE TRANSITION TO STABILITY, Philos. Trans. R. Soc. 
Lond. Ser. A-Math. Phys. Eng. Sci., 341 (1992) 531-559. 
[49] D.E. Williams, J. Stewart, P.H. Balkwill, THE NUCLEATION, GROWTH AND 
STABILITY OF MICROPITS IN STAINLESS-STEEL, Corrosion Sci., 36 (1994) 1213-
1235. 
[50] P. Ernst, N.J. Laycock, M.H. Moayed, R.C. Newman, The mechanism of lacy cover 
formation in pitting, Corrosion Sci., 39 (1997) 1133-1136. 
[51] P. Ernst, R.C. Newman, Pit growth studies in stainless steel foils. I. Introduction and pit 
growth kinetics, Corrosion Sci., 44 (2002) 927-941. 
[52] N.J. Laycock, S.P. White, J.S. Noh, P.T. Wilson, R.C. Newman, Perforated covers for 
propagating pits, J. Electrochem. Soc., 145 (1998) 1101-1108. 
[53] M. Ghahari, D. Krouse, N. Laycock, T. Rayment, C. Padovani, M. Stampanoni, F. 
Marone, R. Mokso, A.J. Davenport, Synchrotron X-ray radiography studies of pitting 
corrosion of stainless steel: Extraction of pit propagation parameters, Corrosion Sci., 100 
(2015) 23-35. 
[54] N.J. Laycock, S.P. White, Computer simulation of single pit propagation in stainless 
steel under potentiostatic control, J. Electrochem. Soc., 148 (2001) B264-B275. 
[55] P. Ernst, R.C. Newman, Pit growth studies in stainless steel foils. II. Effect of 
temperature, chloride concentration and sulphate addition, Corrosion Sci., 44 (2002) 943-954. 
[56] N.J. Laycock, R.C. Newman, Localised dissolution kinetics, salt films and pitting 
potentials, Corrosion Sci., 39 (1997) 1771-1790. 
[57] R.C. Newman, M.A.A. Ajjawi, H. Ezuber, S. Turgoose, AN EXPERIMENTAL 
CONFIRMATION OF THE PITTING POTENTIAL MODEL OF GALVELE, Corrosion 
Sci., 28 (1988) 471-477. 
 
 
 
 
 
19 
 
Figures 
 
Figure 1 Schematic diagram showing the orientation of the pin sample [23]. 
 
Figure 2 OM images of 304L (a) and (c) under MgCl2 droplets with a chloride deposition 
density (CDD) of 1000±100 µg/cm2 containing (b) one single pit and (d) multiple pits in 
clusters after exposure at 33±2% RH and 22±2 ºC for one day. 
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 Figure 3 In situ OM images of a pit formed on a 304L under a MgCl2 droplet (CDD: 
1000±100 µg/cm2) after exposure at 33±2% RH and 22±2 ºC for 1 day, 6 days and 11 days. 
Only one single pit was found under that droplet. 
 
Figure 4 In situ OM images of 304L under a MgCl2 droplet (CDD: 1000±100 µg/cm2) 
containing two pits after exposure at 33±2% RH and 22±2 ºC for 1 day, 6 days and 11 days. 
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 Figure 5 In situ OM images of 304L under MgCl2 droplets with a CDD of 1000±100 µg/cm2 
and the corresponding pit after exposure at 33% RH for one day, followed by exposure at 85% 
RH for one day and exposure at 33% RH for nine days at 22±2 ºC. 
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 Figure 6 OM images of 304L under MgCl2 droplets with a CDD of 1000±100 µg/cm2 and the 
corresponding pit after exposure at 33% RH for 21 days, followed by exposure at 85% RH 
for one day and exposure at 33% RH for seven days at 22±2 ºC. 
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 Figure 7 (a) Horizontal and vertical sections of a tomogram (in situ X-ray microtomography) 
of a 304L pin under a MgCl2 droplet with a CDD of 1000 µg/cm2 after exposure at 33% RH 
for 21 days, 85% RH for one day and 33% RH for one day at 21±1 ºC. (b) Width, depth and 
volume of the pit shown in (a) during the “wet-wetter-wet cycle”. 
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 Figure 8 OM images of 304L under MgCl2 droplets (with a CDD of 1000±100 µg/cm2) and 
the corresponding pit after exposure at 33% RH for one day, followed by exposure at 12% 
RH for one day and exposure at 33% RH for nine days at 22±2 ºC. 
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 Figure 9 (a) Horizontal and vertical sections of a tomogram (in situ X-ray microtomography) 
of a 304L pin under a MgCl2 droplet (with a CDD of 1000 µg/cm2) after exposure at 33% RH 
for 21 days, 12% RH for one day and 33% RH for one day at 21±1 ºC. (b) Width, depth and 
volume of the pit shown in (a) during the “wet-dry-wet cycle”. 
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 Figure 10 OM images of 304L and the corresponding pits under MgCl2 droplets (with a CDD 
of 1000±100 µg/cm2) after exposure at 33% RH for one day, followed by the change of the 
RH from one day of exposure at 85% RH to one day of exposure at 33% RH for five times at 
22±2 ºC. 
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Tables 
Table 1 Saturated salt solutions used to maintain a specific constant RH during corrosion tests 
at 20-25 ºC [24]. 
Salt LiCl MgCl2 KCl 
% RH 12 33 85 
Label “dry” “wet” “wetter” 
 
Table 2  Number (percentage) of droplets with the corresponding corrosion behaviour (0 pit, 
1 pit or multiple pits) found on 304L under MgCl2 droplets (CDD: 1000±100 µg/cm2, ~2 mm 
in diameter) after exposure at 33±2% RH and 22±2 ºC for one day. 
*Multiple pits in lab-based experiments were in clusters while the position of multiple pits in 
microtomography was random.  
 Total no. of droplets 0 pit 1 pit Multiple pits* 
Lab-based 107 (100%) 11 (10%) 58 (54%) 38 (36%) 
X-ray 
microtomography 6 (100%) 0 (0) 2 (33%) 4 (67%) 
 
 
Table 3 Corrosion behaviour of 304L under MgCl2 droplets (CDD of 1000±100 µg/cm2) after 
exposure at 33±2% RH for 1 day, and the number (percentage) of droplets showing the 
corresponding corrosion behaviour after exposure at 33±2% RH for 11 days in in situ lab-
based experiments. The pits observed after initial exposure for 1 day were called as original 
pits. 
After 1 day at 33% RH After 11 days at 33% RH 
Corrosion 
behaviour 
Total no. of 
droplets 
Growth of the 
original pit 
New pit 
initiation 
No obvious 
growth and no 
new pits 
0 pit 3 (100%) 0 (0) 2 (67%) 1 (33%) 
1 pit 9 (100%) 5 (56%) 0 (0) 4 (44%) 
≥2 pits 20 (100%) 15 (75%) 1 (5%) 4 (20%) 
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 Table 4 Corrosion behaviour of 304L under MgCl2 (CDD of 1000±100 µg/cm2) after 
exposure at 33% RH for 1 day/21 days, and the number (percentage) of droplets showing the 
corresponding corrosion behaviour after one “wet-wetter-wet cycle” in lab-based 
experiments.  
Conditions After 33% (1/21 days) At the end of the test 
 Corrosion behaviour 
Total no. of 
droplets 
Growth of 
the original 
pit 
New pit 
initiation No change 
33% (1 day) 
+ 85% (1 
day) + 33% 
(9 days) 
 
0 pit 2 (100%) 0 (0) 1 (50%) 1 (50%) 
1 pit 6 (100%) 0 (0) 6 (100%) 0 (0) 
≥ 2 pits 4 (100%) 0 (0) 4 (100%) 0 (0) 
33% (21 
days) + 85% 
(1 day) + 
33% (7 days) 
0 pit 2 (100%) 0 (0) 0 (0) 2 (100%) 
1 pit 6 (100%) 2 (33%) 4 (67%) 0 (0) 
≥2 pits 7 (100%) 5 (72%) 1 (14%) 1 (14%) 
 
Table 5 Corrosion behaviour of 304L under MgCl2 droplets (CDD of 1000±100 µg/cm2) after 
exposure at 33±2% RH for one day, and the number (percentage) of droplets showing the 
corresponding corrosion behaviour after one “wet-dry-wet cycle” in lab-based experiments.  
Condition After 33% (1 day) At the end of the test 
 Corrosion behaviour 
Total no. of 
droplets 
Growth of 
the original 
pit 
New pit 
initiation 
Growth of 
the original 
pit and new 
pit initiation 
33% (1 
day)+ 12% 
(1 day)+ 
33% (9 days 
0 pit 2 (100%) 0 (0) 2 (100%) 0 (0) 
1 pit 7 (100%) 1 (14%) 6 (86%) 0 (0) 
≥ 2 pits 4 (100%) 3 (75%) 0 (0) 1 (25%) 
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 Table 6 Corrosion behaviour of 304L under MgCl2 droplets (CDD of 1000±100 µg/cm2) in 
lab-based experiments after exposure at constant RH, one “wet-wetter/dry-wet cycle”, five 
“wet-wetter/dry-wet cycles”. The number (percentage) in the table represents the number 
(percentage) of droplets studied under the same experimental condition which show the 
corresponding corrosion behaviour after exposure. 
Conditions Total no. of droplets 
Growth of 
the original 
pit 
New pit 
initiation 
Growth of 
the original 
pit and new 
pit initiation 
No change 
33% (11 days) 32 (100%) 20 (63%) 3 (9%) 0 9 (28%) 
 
33% (1 day) + 
85%/12% (1 day) 
+33% (9 days) 
 
25 (100%)  4 (16%) 
 
19 (76%) 
 
1 (4%) 
 
1 (4%) 
33% (1 day) + 
(85%/12% (1 day) 
+ 33% (1 day)) × 
5 
15 (100%) 1(7%) 13 (86%) 0 1 (7%) 
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